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SUHMABT 



Several airfoils, including a conventional NAOA 33031 
and some low-drag airfoils for whioh the thickness had 
been increased to the point that they vere considered 
doubtfully conservative with respeot to separation, were 
investigated as smooth airfoils and after the application 
of a standard roughness. The results show some of the air 
foils to be critical to separation resulting from such 
flow disturbances. It is conoluded, pending the further 
■investigation of separation difficulties, that airfoil 
seotions falling definitely within the conservative range 
should be used. 



INTRODUCTION 



The NAOA low-drag airfoils first investigated, the 
airfoils dealt with in the earlier applications mainly to 
pursuit airplanes, and most of the airfoils for which. data 
are presented In reference 1 were intended to be of con- 
servative design. No very serious separation difficulties 
should therefore arise in operation with these airfoils, 
even though the leading edge becomes very rough. In other 
words, most of the airfoils were so chosen that the thick- 
ness, the camber, and the position of ■ minimum pressure 
would lead to a conservative pressure recovery over the 
rearward part of the upper surface. Tor such airfoils 
the recovery could be made without marked separation, 
even in the presenoe of a boundary layer excessively 
thiokened by premature transition and -roughness near the 
leading edge of the airfoil. Thus, it was expected that 
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the new airfoils would give drag coefficients in the sane 
range ae oonventional airfoil's when "both were similarly 
roughened rather than give exoessive drag coefficients 
associated with turbulent separation. 

On some more recent applications to long-range bomb- 
ers, however, root sections have been increased in thick- 
ness to the point that their relation to the conservative 
range has become, at least, doubtful. The range of con- 
servative airfoil design as contrasted with the critical 
range as determined by the choice of thickness, camber, 
and position of minimum pressure is discussed in general 
terms in reference 1. Results are therein presented on 
at least one airfoil that was estimated to fall in the 
doubtful range, or in the range wherein airfoils may be 
critical to separation resulting from leading-edge rough- 
ness. 

She present series of tests was undertaken to obtain 
quantitative data with regard to these limits of conserv- 
ative airfoil design. The program contemplated an inves- 
tigation of a series of airfoils estimated to lie olose 
to the doubtful range. It was thus thought that a com- 
parison of the test results for wings with and without a 
standard roughness applied to the leading edge of each 
would give quantitative data tending to define the range 
of conservative design. 



CHOICE OF STANDARD E0TJ3ENBSS 



It was desired to choose an extreme rough condition 
as a standard roughness to be applied to the leading edge 
of the various airfoils and at the same time one that 
would not alter the contour of the section. The standard 
roughness might thus simulate an extremely rough condi- 
tion that might result from mud or rough ice on the lead- 
ing edge of the airfoil but, of course, could not repre- 
sent thick ice accumulations of the worst type, which 
would seriously alter the airfoil contour. 

With such considerations in view, a standard rough- 
ness consisting of carborundum particles thinly applied 
over the leading-edge part of the airfoil was adopted. A 
miorosoopio examination of the particles used showed them 
to be shaped like lumps of coal and to have crosswise 
dimensions near 0.010 inch and seldom greater than 0.015 
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inoh. The particles were applied to one surface of Scotch 
tape; the tape was\~ in' turn ; attached to the leading edge 
of the airfoil. The use of Scotch tape in applying the 
roughness permitted its quick removal for the comparative 
tests of the smooth airfoil. The carborundum particles 
vere retained on the Scotch tape by a thin coat of shellae 
allowed to "become tacky before the application of the par- 
ticles. The tape and roughness extended around the lead- 
ing edge of the airfoil section for a total surface length 
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of 3j^$- inohes, equally disposed above and below the lead- 
ing edge. The carborundum was so thinly, spread on this 
surface that 5 to 10 percent of the area was actually 
covered by carborundum grains^ The airfoil models were 
of 3-foot chord and 3-foot span; the roughness strip was 
extended across the entire span from wall to wall in the 
tunnel. 

Tor the full-BOale wing at a Reynolds number corre- 
sponding to that of these model tests, the corresponding 
roughness is geometrically similar to that on the model. 
The roughness may thus be considered to be something like 

particles of sand somewhat less than rs~ inch across adher- 
ing to the leading edge of a wing of 100-inch chord. Such 
roughness conditions, of course, oannot be considered 
typloal but it was hoped that the comparative results of 
the same roughness on various wings would be of value as 
representing a standard roughness condition, extreme, but 
of a type not markedly altering the original airfoil con- 
tour. 



T3SSTS AHS RESULTS 



The tests of the 3-foot-ohord airfoils both with and 
without roughness were of the routine type, approximately, 
as deeoribed in reference 1. Moet of the results were 
obtained at a Reynolds number of about 10 million. Some 
results were also included at a Reynolds number of approx- 
imately 6 million in order to' give some information on 
scale effect's. 

The following airfoil sections were investigated 
smooth and with the standard roughness: 
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SAOA 33031 

.Boeing 7-series type, 0.20c thiokneaa 

NAOA 66,2r322 (approx.) 

ZTACA 66,3-422 (approx.) 

UACA 66,3-418 

The reeult8 of the airfoil teats are presented in 
figures 1 to 6 in standard chart form except that the 
drag coefficients have been plotted to a smaller scale 
than that usually employed. The reduced drag Bcale per- 
mits the high drag values associated with separations 
that occur on some of the rough models to he shown. 



DISCUSSION 



Comparison of airfoils .- The NACA 23021 section (fig. 

1) is intended to represent a thick conventional airfoil. 
It is evident that roughness on such a section produces a 
serious loss in the maximum lift ooeffiolent. The mini- 
mum profile-drag coefficient is lnoreased from 0,0068 to 
nearly 0.0100, indicating the additional drag associated 
with the premature transition and the roughnesB. The drag 
coefficient appears to increase somewhat more rapidly with 
the lift coefficient than for the smooth airfoil hut the 
variation remains normal, increasing progressively with 
lift on approaohing the reduoed maximum lift ooefficient 
of the rough airfoil. Thus, only the usual progressive 
separation effects are evident as the maximum lift coeffi- 
cient is approached. 

The Boeing 7-series type airfoil in figure 2 is typ- 
ical of airfoils showing marked separation effects due to 
roughness. The lift curve begins to show a loss at small 
positive angles and the upper part of the ourve has a re- 
duoed slope. The maximum lift coefficient for the rough 
airfoil is approximately 1.1, a lower value than that of 
the conventional rough airfoil. The minimum drag coeffi- 
cient for the rough airfoil is approximately 0.0116, a 
value only a little more than that of the conventional 
rough airfoil; hut the drag increases sharply above a 
lift ooefficient of 0.6, indicating the onset of marked 
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; i-cwne.tr airfwut. Aha, aA.tiAnd.e, a> _wXi q)l . t lift- 
curve alope ohangeio -The drag coefficients are seen to 
become very high at larger lift coefficients. 

A similar, although leaa drastic, behavior viil be 
observed for the airfoil* HAOA 66,3-333 (approx.) and 
HAOA 65,3-433 (approx. ) in figures 3 and 4. The airfoil 
with the higher oamber appear a to he somewhat more unoon- 
servatlve. 

... The characteristic a of a low-drag airfoil of the con- 
servative type ,. HAOA 66,3-418 1 . are shown in figure 6, A 
reduction- in maximum, .li-ft 'to 1,39 is observed to he of 
the same -type as that . -a'h.own. far the conventional airfoil 
due to roughness. The minimum drag coefficient la in- 
creased to approximately the same value as that of the 
conventional airfoil although the increment due to rough- 
ness is, of oourse, larger on aocount of the- lower initial 
value for the low-drag airfoil. The drag coefficients 
show a .progressive increase on approaching the maximum 
lift coefficient, as did the conventional airfoil-, thus 
showing drag coefficients in the same range- ais those' of 
the rough conventional airfoil for lift coefficients he- 
low L»Lv; It is therefore concluded that, for a conserva- 
tive airfoil of the low-drag type, roughness should pro- 
dupe no marked separation effects apart from the effeots 
that normally occur when the maximum-lift attitude is 
approached. 

• fllgnif loanoe of wake-survey measurements made In the 
presenoe of separation. ^ Jn tests made to determine drag 
by means of wake 'surveys in the presence of separation, 
the dead air in the regions of local separation may tend 
to deviate apanwiae in euoh a way as to pas a off at the 
au^rvey "plane, indicating excessive dra'g; or to deviate 
outward ao as to pass off In some other, plane, indicating 
a deficient drag in the survey plane. Tor that reason, 
in most instance* where separation was likely to ooour 
epanwise drag- surveys were made. Some of the results of 
such surveys are shown in. figures 6 and 7* Tor ther unoon- 
servative- aixfoil (fig.. 6), . it will be noted that. .separa- 
tion does t'eiid "to"be . local iYed "In a* region . near midspan. 
It was fcund that this Separation region might tend to 
shift .spanwiee;- this tendenoy leads to. inconsistent re- 
sults at the survey plane, euoh as tboee shown in figure 
3. - The results show,, therefore, that the separated 
* eglona may be local and. that the drags measured behind 
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these regions may be excessive rather than quantitatively- 
correct. It seems clear, nevertheless, that such sections 
showing even local separation cannot he considered conserv- 
ative and their use should he avoided. 

On the other hand the spanwise. surveys shown for a 
conservative low-drag airfoil in figure 7 indicate a con- 
sistent spanwise variation of drag, hence, an airfoil that 
is not' prone to local-flow breakdown. Spanwise surveys 
are usually made as part of the testing procedure in the 
NACA two-dimensional tunnel,, The results shown in figure 
7 for the smooth condition are typical, of the results 
usually obtained when no pronounced separation is present. 
Spanwise surveys made on large-chord wing sections repre- 
senting practical construction sometimes show moderately 
large variations of drag along the span even vrhen the 
sections are considered to be well within the -cons ervative 
range. Such variations are attributed to- changes in skin 
friction resulting from local accidentally distributed 
surface roughness and these variations tend to disappear 
as the surfaces are improved. 

The .airfoil boundary layers near the tunnel walls 
are, of course, affected by the presence of the walls with 
the possibility of" resulting spanwise flows that might af- 
fect the resistance to separation of the flows near the 
center of the airfoil as well as the drag measurement s» ■ 
Tests with different chord-length smooth models of air- 
foils within the conservative range have failed to show 
any significant spanwise drag variation or Variation of 
airfxiil characteristics with chord that would be expected 
if su-:;h effects were present. It is planned to extend 
such tests, however*, to include rough as well as smooth 
models of airfoils in or near the critical range because 
of the possibility that such effects may be present under 
these conditions, 

A pplication of results .- The present results strongly 
suggest that the use of airfoils which do not fall within 
the conservative range should "be avoided. Sections of 
this type that have shown a tendency to break down locally 
in the presence of a leading-edge disturbance may also 
break down in the presence .of other .'di strubances , such as 
those due to fuselage or nacelle interferences, construc- 
tion irregularities, etc, The precise limits of the con- 
servative range, however, are at present not definitely 
established. In fact, the only quantitative data tending 
to define the limits are those herein presented. Portu- 



nately, the low-drag airfoils, with the exception of a few 
above 20-percent thickness, in use or -under consideration 
for practical applications may "be judged to he conserva- 
tive by comparison with the NACA 65,3-418 shown to "be 
satisfactory "by the present data. Pending further inves- 
tigations, sections that cannot "be judged satisfactory "by 
such comparisons should be specially investigated by 
tests such as the present ones in the two-dimensional 
tunnel. 

Difficulties have usually arisen through the use of 
excessively thick sections. A suitable remedy is obvious: 
While keeping the same spar depth, the wing chord may be 
increased to reduce the thickness ratio until the section 
falls within the conservative range. During the tests of 
a bomber model in the 8-foot high-speed tunnel a leading- 
edge glove was used to reduce the section thickness ratio. 
A better plan would have been to increase the chord of 
the entire section in order to obtain the same reduction 
in thickness ratio. 

Finally, two other possible methods that may eventu- 
ally lead to obviation of the difficulties herein consid- 
ered may be mentioned. With relatively large nose-opening 
air intakes it appears to be possible to employ thick sec- 
tions without excessively low minimum pressures and the 
attendant unconservative pressure recoveries. The use of 
suitable lift-control flaps with slots or other forms of 
boundary-layer control should be advantageous in obviat- 
ing the separation difficulties. 

CONCLUSIONS 

Pending the further investigation of separation dif- 
ficulties, airfoil sections falling definitely within the 
conservative range should be used. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Ya. 
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The values of section lift coefficient (figs. 1 to 5) 
should be corrected by the following equation 



t ■ 0.965ci + 0.015 
(corrected) * 
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Figure 6.- IACA 65,3-418 airfoil. 
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figure 6.- Spanwise drag survey for the SAGA. 65,8-432, a»1.0(approx.) airfoil. 
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Figure 7.- Spanwise drag survey for the HACA 65,3-418, a=1.0, airfoil. 
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